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a b s t r a c t
The morphology of bones is genetically determined, but the molecular mechanisms that control shape,
size and the overall gestalt of bones remain unclear. We previously showed that metacarpals in the
synpolydactyly homolog (spdh) mouse, which carries a mutation in Hoxd13 similar to the human
condition synpolydactyly (SPD), were transformed to carpal-like bones with cuboid shape that lack
cortical bone and a perichondrium and are surrounded by a joint surface. Here we provide evidence that
spdh metacarpal growth plates have a defect in cell polarization with a random instead of linear
orientation. In parallel prospective perichondral cells failed to adopt the characteristic ﬂattened cell
shape. We observed a similar cell polarity defect in metacarpals of Wnt5a/ mice. Wnt5a and the
closely related Wnt5b were downregulated in spdh handplates, and HOXD13 induced expression of both
genes in vitro. Concomitant we observed mislocalization of core planar cell polarity (PCP) components
DVL2 and PRICKLE1 in spdh metacarpals indicating a defect in the WNT/PCP pathway. Conversely the
WNT/β-CATENIN pathway, a hallmark of joint cells lining carpal bones, was upregulated in the
perichondral region. Finally, providing spdh limb explant cultures with cells expressing either HOXD13
or WNT5A led to a non-cell autonomous partial rescue of cell polarity the perichondral region and
restored the expression of perichondral markers. This study provides a so far unrecognized link between
HOX proteins and cell polarity in the perichondrium and the growth plate, a failure of which leads to
transformation of metacarpals to carpal-like structures.
& 2013 Elsevier Inc. All rights reserved.
Introduction
During endochondral ossiﬁcation mesenchymal progenitor
cells condense to form a cartilaginous template (anlage) of the
future bones. Concomitantly, cells surrounding the condensation
form the perichondrium consisting of ﬂattened cells. At either end
of the anlage a growth plate is established driving longitudinal
outgrowth of the skeletal element. Here small, round chondro-
cytes (resting or reserve chondrocytes) differentiate to proliferat-
ing chondrocytes, which form stacks of discoid cells. Finally calls
undergo prehypertrophic differentiation characterized by the
expression of Indian hedgehog (Ihh) and subsequently become
hypertrophic. At the same time cells from the perichondrium form
the ﬁrst bone collar (cortical bone) around the proliferating/
hypertrophic chondrocytes. This stack-like arrangement of prolif-
erative cells and its restriction by the perichondrium/bone is
considered the main mechanical force enabling longitudinal
growth of long bones as compared to spherical growth of, for
example, wrist bones. The transition of spherical to discoid cell
shape is achieved by cell polarization concomitant with lateral
intercalation into a column in a process reminiscent of convergent
extension movements seen in vertebrate gastrulation (Li and
Dudley, 2009).
In the past years signaling by components of the WNT family of
secreted factors have emerged as key players in this event
(Romereim and Dudley, 2011). Classically, WNT pathways are
divided into the “canonical” branch, acting via stabilization of
β-CATENIN, and several alternative pathways (Angers and Moon,
2009) such as the WNT/planar cell polarity (PCP) pathway. WNT/
PCP was demonstrated to regulate oriented cell divisions and cell
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polarity in the chicken growth plate (Li and Dudley, 2009). WNT5A
is a major ligand activating the PCP pathway in the mouse (Kikuchi
et al., 2012; Komiya and Habas, 2008). Targeted disruption of
Wnt5a leads to severely impaired skeletogenesis (Yamaguchi et al.,
1999) with altered growth plate morphology (Yang et al., 2003).
Moreover, it was recently demonstrated that WNT5TA controls cell
shape during condensation of cartilage in mouse digits via a PCP
pathway (Gao et al., 2011).
Hox genes control patterning, differentiation and morphogen-
esis during development. HOXD13 is a master regulator of autopod
skeletal morphogenesis. In previous studies we examined the
role of Hox genes in cartilage and bone formation in the limbs
mainly using a Hoxd13 mutant called synpolydactyly homolog
(Hoxd13spdh/spdh, hereafter termed spdh) which carries a seven-
alanine expansion in HOXD13. In humans identical mutations in
HOXD13 lead to synpolydactyly (SPD) (Muragaki et al., 1996). The
mutation results in the degradation of HOXD13 protein and thus a
loss of function. In addition, mutant HOXD13 interacts with other
co-expressed HOX proteins that contain poly-alanine stretches
such as HOXA13 and inactivates them resulting in a combined
inactivation of HOX proteins in the autopod (Bruneau et al., 2001;
Villavicencio-Lorini et al., 2010). Spdh mice exhibit a transforma-
tion of metacarpals (long bones) to carpals (cuboid bones). Spdh
metacarpals have a variable shape that ranges from a longitudinal
appearance to almost fully round. Mutant metacarpals invariantly
have no perichondrium and fail to form any cortical bone. Instead
they are surrounded by joint-like structures and undergo second-
ary ossiﬁcation similar to the ossiﬁcation scheme observed in
carpal bones (Villavicencio-Lorini et al., 2010).
Here we propose that the underlying cause for this phenom-
enon is a defect in polarization and orientation of spdh metacarpal
growth plate and perichondral cells. Wnt5a/ mice have a
similar phenotype and we provide evidence that Hoxd13 is
upstream of Wnt5a. The defects seen in spdh mice are accom-
panied by dysregulation of both the canonical WNT/β-CATENIN
pathway as well as the WNT/PCP pathway. These data indicate that
a local Hox code might inﬂuence shaping of skeletal elements by
inﬂuencing cell shape via local induction of factors such
as WNT5A.
Materials and methods
Mice
Spdh mice (Johnson et al., 1998) were obtained from The
Jackson Laboratory (Bar Harbor, ME, USA), Wnt5a / mice
(Yamaguchi et al., 1999) from E. Arenas (Karolinska Institute,
Stockholm, Sweden) and Axin2LacZ reporter mice (Lustig et al.,
2002) from W. Birchmeier (Max Delbrück Centre, Berlin,
Germany). Genotyping was performed as described previously
(Albrecht et al., 2002; Lustig et al., 2002; Yamaguchi et al., 1999).
Skeletal preparation, in-situ hybridization, immunolabeling
Skeletal preparation and in-situ hybridization was performed
as described previously (Witte et al., 2010). Probes for Hoxd13,
Wnt5a and Wnt5b were described in (Albrecht et al., 2002; Witte
et al., 2009). For immunolabeling, antigen retrieval was performed
using citrate buffer or high-pH buffer (Dako). After permeabiliza-
tion (0.2% Triton X-100 for 15 min) and blocking (5% NGS for 1–
5 h) primary antibodies (see Supplementary material) were
applied at 4 1C overnight and detected with ﬂuorescence-
conjugated secondary antibodies (Molecular Probes, Eugene, OR,
USA; 1:500) at room temperature (RT) for 1 h. Phalloidin-
AlexaFluor-488 staining (Molecular Probes) was done 1:200 for
45 min at RT. Nuclei were stained with 4′,6-diamidino-2-phenyl-
indole (DAPI; Sigma-Aldrich, St. Louis, MO, USA). For anti-RCAS
staining, additional signal ampliﬁcation using the Tyramide Signal
Ampliﬁcation system (Perkin-Elmer) was performed according to
the manufacturer's protocol.
Polarity index, golgi apparatus orientation
After phalloidin labeling or differential interference contrast
imaging, the maximum and minimum diameter of cells was
determined using the AutMess tool integrated in the Zeiss AxioVi-
sion software (Zeiss, Oberkochen, Germany). The ratio of these
parameters was used as an index for cell polarization. For Golgi
orientation, the angle between the Nucleus–Golgi axis (Golgi
apparatus stained via GM130 antibody) and the longitudinal axis
of the cartilage element was determined using the AutMess tool
(Zeiss). In each case at least three specimens were analyzed.
Real-time PCR
DF1 cells were infected with concentrated viral supernatants
containing RCAS(A)–Hoxd13WT, RCAS(A)Hoxd13þ7Ala and
RCAS(A)–GFP and grown for 3 or 7 days in DMEM supplemented
with 10% FCS and 2% chicken serum. RNA was extracted with
peqGold Trifast (PEQLAB, Erlangen, Germany). Real-time PCR for
Wnt5a was performed as described before (Hecht et al., 2007)
using three independent repeats for each condition.
Explant cultures
DF1 cells were transfected with RCAS(A)–Hoxd13 or RCAS(A)–
Wnt5a together with RCAS(B)–GFP for visualization, or with RCAS
(A)–GFP alone as control. Cells were grown for 7 days in DMEM
supplemented with 10% FCS and 2% chicken serum. For implanta-
tion, DF1 cells were trypsinized and pelleted. Cells from the pellet
were transferred to a mouth pipet by gentle aspiration. Embryos
were harvested at E13.5 or E14.5. The limb culture protocol was
modiﬁed from (Minina et al., 2001). Forelimbs were dissected and
the explants were placed on cell strainer nets in limb culture
medium (BGJb, 1% BSA, 1% L-Glutamine, 0.2 mg/ml ascorbic acid,
50 U/ml PenStrep, 0.05 mg/ml Gentamycin, 0.3 μg/ml Amphoter-
icin B) at the liquid–air interface. The epidermis was slit with a
tungsten needle and DF1 were implanted next to metacarpal
condensations using a mouth pipet. Explants were incubated for
4 or 3 days, respectively. After incubation, placement of the
implants was controlled via GFP visualization. Only specimens
showing a strong GFP signal adjacent to metacarpal condensations
were used for further analysis. To localize the implant on sections
3C2 antibody labeling and detection with the ABC staining kit
(Vector Labs, Burlingame, CA, USA) was used. In-situ hybridization
or quantiﬁcation of cell polarization was performed in regions next
to explants either on the same or on adjacent sections. In each case
at least three specimens were analyzed.
Results
Hoxd13spdh/spdh and Wnt5a / metacarpals show lateral
enlargement of condensations, lack of a deﬁned border and
cartilaginous fusion
We have shown before that postnatal spdh metacarpals show
spherical growth and lack perichondrium and cortical bone
(Villavicencio-Lorini et al., 2010). We thus re-analyzed the histo-
logical appearance of spdh metacarpal condensations during
development. This conﬁrmed the lack of perichondrium formation
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and was concomitant with a lack of a clearly deﬁned border and
beginning lateral growth of the cartilaginous condensation at
E14.5 (Fig. 1A). This in turn led to cartilaginous fusion of con-
densations at E16.5 (Fig. 1B). In addition, spdh metacarpals did not
form an organized growth plate, at E16.5 chondrocytes throughout
the condensation were small and appeared roundish (Fig. 1B). The
lateral expansion of cartilage elements and disorganization of the
growth plate was reminiscent of Wnt5a mutant mice (Yamaguchi
et al., 1999; Yang et al., 2003), so we analyzed both mutants in
comparison. An overview of the skeletal phenotypes is depicted in
Fig. 1C. Spdh mice show appearance of additional condensations,
irregular shaping of condensations and proximal joint fusions in
the autopod. In Wnt5a mutants not only the autopod is affected
leading to an overall severe shortening of the limb. In the autopod
the lateral expansion of metacarpal condensations is obvious, note
that Wnt5a / mice do not form phalangeal condensations while
Fig. 1. Abnormal expanded shape and lack of lateral restriction in spdh and Wnt5a/ metacarpals. (A) and (B) Forelimb sections at E14.5 and E16.5 stained with
Hematoxylin/Eosin and Alcian blue for cartilage matrix. Boxed areas are shown as magniﬁcations. (A) At E14.5 the metacarpal condensations show an apparent lateral
expansion, magniﬁcations reveal the lack of a clearly deﬁned border and a perichondrium in both mutants. (B) At E16.5 condensations in spdh and Wnt5a/ mutants show
cartilaginous fusions; the magniﬁcations also show a complete lack of growth plate organization within those structures. (C) Skeletal preparations of new born spdh and
Wnt5a/ mice stained with Alcian blue (cartilage) and Alizarin red (bone). Skeletal preparations are depicted at the same scale, the Wnt5a mutant is additionally shown in
two-fold magniﬁcation in the insert. Note that in spdh mice metacarpals are mostly fused to the phalanges. In Wnt5a/ mice only metacarpal condensations form, the
phalanges are missing.
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spdh mice do. Analyzing tissue sections indicated a deﬁned
phenotypic overlap speciﬁcally in the metacarpal condensations.
In E14.5 Wnt5a/ metacarpals the roundish shape of the con-
densations is already obvious (Fig. 1A). Comparable to the spdh
mouse no perichondrium is forming and the condensation shows
an ill-deﬁned border (Fig. 1A, insets). Moreover, at E16.5 the
metacarpals of Wnt5a/ mice show cartilaginous fusion
(Fig. 1B). Magniﬁcation of metacarpal condensation also showed
a complete lack of regular growth plate cartilage organization
(Fig. 1B, insets).
Defective perichondral and growth plate cell polarity in
Hoxd13spdh/spdh and Wnt5a / metacarpals
WNT5A is required for polarization of cells in chondrogenic
condensations (Gao et al., 2011). To better appreciate cell shape in
metacarpal condensations we analyzed hand plate sections with
differential interference contrast (DIC). In spdh and Wnt5a /
metacarpals cells in the circumference of the condensation (i.e.
cells that should form the perichondrium) failed to adopt a
ﬂattened elongated shape at E14.5 (Fig. 2A), which is the typical
hallmark of perichondrium formation. In addition, we observed
a clear defect in cell polarization in the cartilage growth plate.
In E14.5 wild type (wt) metacarpals, resting zone chondrocytes
have a roundish appearance while chondrocytes towards the
center of the condensation already show clearly visible ﬂattening
and polarization perpendicular to the longitudinal axis of the
condensation (Fig. 2B). Spdh and Wnt5a / metacarpals on the
other hand exhibited a uniform roundish appearance of chondro-
cytes throughout (Fig. 2B).
Autopod skeletal elements in spdh mice show a developmental
delay (Albrecht et al., 2002). The perichondrium and growth plate
phenotypes in spdh embryos, however, were persistent in new-
born animals, excluding a mere reﬂection of a developmental
delay (Supplementary Fig. S1). Moreover, at E13.5 and E14.5 cells
in the center of the anlage express Ihh, a marker for prehyper-
trophic chondrocytes, albeit strongly decreased and in a less-
conﬁned area than in the wt (Fig. S2). There is also abundant
expression of the IHH target Ptc1 already at E13.5 (Fig. S2). Hence
chondrocytes in spdh anlagen have undergone prehypertrophic
differentiation by E14.5, which suggests that the lack of polariza-
tion is not simply a consequence of a failure to differentiate
beyond the resting zone stage.
To quantify the defect in growth plate chondrocyte polariza-
tion, phalloidin staining and measurement of a quotient of cell
length and height at embryonic day (E) 16.5 was used (Fig. 3A).
Fig. 2. Defective growth plate and perichondral cell morphology in spdh and Wnt5a / metacarpals. Differential interference contrast (DIC) images of wt, spdh and
Wnt5a/ E14.5 hand plates demonstrate cell morphology; the metacarpal condensations are outlined by a dashed line. (A) Close-up inserts of indicated metacarpal regions
show the perichondrium (pc) consisting of densely packed ﬂattened cells in the wild type. This array of cells is not present in the spdh or Wnt5a/ metacarpals. The border
of the cartilaginous condensation (cart) is indicated by a dashed line. (B) The metacarpal condensation of the third digit is indicated by a dashed line in each overview panel.
Magniﬁcations show the reserve zone left and the central region right. Note the failure of chondrocytes in the central anlage of spdh and Wnt5a / metacarpals to adopt an
elongated ﬂattened shape.
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Wild type proliferating chondrocytes showed a marked polariza-
tion perpendicular to the longitudinal axis of the cartilage element
whereas resting chondrocytes did not show signs of polarization,
as did chondrocytes in the carpal elements. In contrast, chondro-
cytes in growth plates of spdh or Wnt5a / mice exhibited the
same quotient as wt resting chondrocytes or metacarpal chon-
drocytes. Positioning of the Golgi apparatus was used as alter-
native marker for cell polarization (Fig. 3B). In wt proliferating
chondrocytes the Golgi apparatus is located predominantly in an
angle of 701–901 to the longitudinal axis of the metacarpal, while
in resting chondrocytes orientation is random. Consistent with
phalloidin labeling, Golgi localization demonstrated perturbed
polarization in spdh and Wnt5a/ mutants.
Thus, spdh and Wnt5a mutants display an apparent cell
polarity defect in both growth plate and perichondrium. This
suggests that the function of Hox genes as well as Wnt5a function
is required in metacarpal condensations and adjacent mesench-
yme for the establishment of cell polarity as a prerequisite of
growth plate and perichondrium architecture.
Partial coexpression of Hoxd13 and Wnt5a
Given the overlapping phenotypes between Hoxd13 and Wnt5a
mutant mice we tested if Hoxd13 might be involved in regulating
the expression of Wnt5a. To this end we ﬁrst compared the
expression of Hoxd13 and Wnt5a. Section in situ hybridization
(ISH) at E13.5 and E14.5 demonstrated partially overlapping
expression patterns of Hoxd13 and Wnt5a in the autopod
mesenchyme surrounding metacarpals and digits (Fig. 4A). Intri-
guingly, both genes are hardly expressed in the carpal region
(Figs. 4A and 5A). To substantiate that WNT5A protein might be
produced from HOXD13 positive cells, we performed immunola-
beling for both proteins. HOXD13 showed highest expression in
the circumference of metacarpals at E13.5 (Fig. 4B) and was also
present in interdigital cells. WNT5A protein was detected pre-
dominantly in the prehypertrophic region of the growth plate
(Fig. 4B, arrows) as well as in the perichondral area. Magniﬁcation
of the perichondral region demonstrates intense WNT5A labeling
surrounding cells positive for nuclear HOXD13 (Fig. 4B) suggesting
production of WNT5A protein by these cells. This shows that
Hoxd13/HOXD13 and Wnt5a/WNT5A show partially overlapping
domains of expression, especially in the region encompassing the
metacarpal condensations, i.e. the future perichondrium.
Fig. 3. Disrupted chondrocyte polarity in spdh and Wnt5a/ metacarpal growth
plate chondrocytes. (A) Phalloidin staining at E16.5. Note the appearance of
ﬂattened stack-forming cells in the region of proliferating chondrocytes (PC) in
contrast to the roundish reserve chondrocytes (RC) or carpal chondrocytes in the
wt. Chondrocytes in growth plates of spdh and Wnt5a/ mutants exhibit the
same spherical morphology as wt RC or carpal chondrocytes. A polarity index was
calculated as a quotient of maximal length and height, shown as a box whisker plot
below. (B) Golgi apparatus visualized by staining for GM130 at E16.5. In wt PC the
Golgi apparatus was localized laterally, hence the Golgi–nucleus axis is oriented
approximately perpendicular to the longitudinal axis of the growth plate. In wt RC
the Golgi apparatus was distributed randomly. The same random orientation was
observed in all metacarpal chondrocytes of spdh or Wnt5a/ embryos. For
quantiﬁcation, the angle between the Golgi–nucleus axis and the growth plate's
longitudinal axis was measured (see schematic image bottom right). Quantiﬁcation
shows the number of cells for angles between 01 and 901; diagrams show
comparison between spdh, Wnt5a/ and WT proliferating chondrocytes (left)
or between spdh, Wnt5a / and WT reserve chondrocytes (right).
Fig. 4. Partial coexpression of Hoxd13 and Wnt5a. (A) Comparison of Hoxd13 and Wnt5a mRNA expression by in-situ hybridization on E13.5 and E14.5 hand plate sections.
Note the overlapping expression patterns of Hoxd13 and Wnt5a in the perichondral area of metaracpal condensations and low expression of both genes in the carpal region
(c). (B) Immunolabeling for HOXD13 andWNT5A on E13.5 hand plate sections. Overview pictures above, magniﬁcation of boxed areas below. Note predominant expression of
HOXD13 in cells surrounding the condensations (digit condensations 2–5 are indicated by a dashed line and denominated as d2–d5) but also in interdigital cells. WNT5A
protein can be detected in the perichondrium but also in the prehypertrophic zone of metacarpal condensations (arrows). Lower panel: inserts show high-power images
from the perichondral region (boxed). Cells expressing high amounts of HOXD13 (nuclear) also show abundant signal for WNT5A protein in their surrounding.
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Hoxd13 is upstream of Wnt5a and Wnt5b expression
Next we analyzed spdh mutants for Wnt5a expression. Spdh
embryos showed a speciﬁc loss of Wnt5a expression in the
proximal autopod mesenchyme encompassing the metacarpal
condensations at E13.5 and E14.5 (Fig. 5A). In the distal mesench-
yme (where Hoxd13 is only weakly expressed), the expression of
Wnt5a appeared normal. Downregulation of Wnt5a in spdh
autopods was corroborated by quantitative real-time PCR
(Fig. 5C) from whole hand plates at E14.5 and E16.5 indicating a
persistent effect. The tissue we used included the distal mesench-
yme where Wnt5a expression appeared normal in the ISH; none-
theless the downregulation was clearly detectable.
Wnt5b is closely related to Wnt5a and is expressed in partially
overlapping domains in the autopod mesenchyme (Witte et al.,
2009). Moreover, WNT5B can activate non-canonical pathways
(Hardy et al., 2008; Lin et al., 2010; Roszko et al., 2009) and both
WNT5A and WNT5B were recently involved in cell polarization in
a cartilage in vitro model (Randall et al., 2012). We therefore also
analyzed Wnt5b expression in spdh mice and found a comparable
downregulation of Wnt5b in metacarpal condensations and in
surrounding mesenchyme (Fig. 5B), which was corroborated by
quantitative real-time PCR (Fig. 5C).
We have previously shown that Hoxd13 overexpression was
able to induce perichondral markers, including Wnt5a, in chicken
micromass cultures (Villavicencio-Lorini et al., 2010). In this cell
system, however, one cannot unambiguously distinguish between
a primary induction of Wnt5a expression and a secondary upre-
gulation due to induction of perichondral cell differentiation.
To test whether Hoxd13 is able to induceWnt5a orWnt5b expression
in a system that does not involve cell differentiation, chicken DF1
ﬁbroblasts were transfected with replication-competent retroviruses
carrying wild type or mutant (plus 7 alanine) Hoxd13. Wild type
HOXD13, but not HOXD13þ7Ala led to a signiﬁcant upregulation of
Wnt5a and Wnt5b expression (Fig. 5D).
In addition, we tested the Hoxd13spdh and Wnt5anull alleles for
genetic interaction. As readout we employed metacarpal length
measurement in skeletal preparations of 1 week old mice (Fig. 6).
Interestingly heterozygous spdh mice, which appear normal, have
already a small but signiﬁcant phenotype in this measurement,
while Wnt5aþ / mice do not show a heterozygous phenotype.
Double heterozygous mice show a small but signiﬁcant additional
decrease in metacarpal length, indicating genetic interaction.
Impaired planar cell polarity signaling in growth plate and
perichondrium of Hoxd13spdh/spdh mice
WNT5A activates non-canonical Wnt pathways in mammals
(Kikuchi et al., 2012), which have been involved in growth plate
architecture (Romereim and Dudley, 2011). Importantly WNT5A
appears to be a major factor inﬂuencing cartilage cell polarity (Gao
et al., 2011; Yang et al., 2003). There is compelling evidence for a
crucial role of WNT/PCP signaling in chondrocyte polarization,
with WNT5A being one possible ligand (Gao et al., 2011; Li and
Dudley, 2009; Randall et al., 2012). Since we found a similar
polarity defect in spdh and Wnt5a / metacarpals and a down-
regulation of Wnt5a in spdh hand plates, we analyzed the
distribution of PCP core components Disheveled-2 (DVL2) and
PRICKLE1 in spdh metacarpals via immunolabeling. In wt prolif-
erating chondrocytes, DVL2 was localized speciﬁcally at the lateral
ends of columnar chondrocytes (Fig. 7A, arrows). In spdh mice, in
contrast, this lateral localization of DVL2 was lost with most cells
exhibiting a more uniform distribution (Fig. 7A). PRICKLE1 equally
showed a disrupted distribution in growth plate chondrocytes of
spdh mice. In wt metacarpals PRICKLE1 was, like DVL2, localized to
lateral edges of the chondrocytes, albeit displaying a broader
Fig. 5. Misregulation of Wnt5a in spdh mutants. (A) and (B) Section in-situ hybridization for Wnt5a and Wnt5b on wt and spdh handplates. Stages as indicated. Note low
Wnt5a andWnt5b expression speciﬁcally in the wt carpal (c) area. Border between carpal area and metacarpals (m) is indicated by a dashed line; magniﬁcation of carpal and
metacarpal areas is shown right. In spdh handplates Wnt5a is downregulated not only in the carpal area but also in mesenchyme encompassing the metacarpal
condensations; a similar downregulation can be seen for Wnt5b. (C) Quantiﬁcation of Wnt5a and Wnt5b expression in E14.5 and E16.5 autopodes by quantitative real-time
qPCR conﬁrmes reduction ofWnt5a andWnt5bmRNAs in spdh animals compared to wild type controls. The wt expression level was set as 100%. (D) Induction ofWnt5a and
Wnt5b expression in DF1 cells retrovirally transfected with either Hoxd13 or Hoxd13þ7Ala (7 alanine expansion). Real-time qPCR performed 3 and 7 days after transfection
shows a strong upregulation of Wnt5a and Wnt5b expression by Hoxd13, but not by Hoxd13þ7Ala.
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signal than DVL2. This speciﬁc localization was not present in spdh
metacarpals (Fig. 7B). Interestingly, the lateral edges of chondro-
cytes in spdh metacarpals were devoid of either DVL2 or PRICKLE1
staining. Thus, the localization seen in mutants might be char-
acterized as a reversal of the wild type distribution. This could
indicate a reversal of growth plate orientation; however no
morphological indication for this was seen (compare Figs. 1 and
2, S1).
Importantly, in the wt perichondrium PRICKLE1 was distribu-
ted to the apical and basal sides of the cells (Fig. 7B). PRICKLE1
localization in spdh cells adjacent to cartilage (i.e. the position
where a perichondrium should form) showed randomized
PRICKLE1 distribution with an apparent reduction in PRICKLE1
protein (Fig. 7B), indicating that PCP signaling could be involved in
the establishment or maintenance of polarity in perichondral cells.
Non-canonical WNT pathways are involved in the establish-
ment of the primary cilium (Wallingford and Mitchell, 2011) and a
defect in primary cilium function leads to disrupted cell shape and
columnar orientation in growth plates (Haycraft et al., 2007;
Koyama et al., 2007; Song et al., 2007). We therefore compared
primary cilia in Wnt5a/ and spdh metacarpals by immunohis-
tochemistry against acetylated tubulin. Wt resting chondrocytes
show an average cilium length of 2.5 μm conﬁrming previous
reports (de Andrea et al., 2010). We found a reduction of primary
cilium length of approx. 40% in spdh metacarpals. A similar
reduction was observed in Wnt5a / mice (Fig. S3). Although
the functional consequences of this perturbation are unclear, it
provides a further phenotypic parallel between spdh and Wnt5a
mutants.
Misregulation of WNT/β-CATENIN signaling in Hoxd13spdh/spdh mice
WNT5A is known to negatively regulate the canonical WNT
pathway in vitro and in vivo via diverse mechanisms (Kikuchi
et al., 2012; Mikels and Nusse, 2006; Topol et al., 2003). Using
the Axin2::LacZ reporter (Lustig et al., 2002) we observed strong
β-CATENIN pathway activity in wt joint surface and in osteoblasts
adjacent to the bone collar, while the perichondrium was negative
(Fig. 8A). In contrast, spdh mice showed intense staining sur-
rounding the complete cartilage anlagen (Fig. 8A) similar to carpal
condensations and joint surfaces in wt mice. This result was
corroborated by immunolabeling for β-CATENIN, which showed
increased abundance in the perichondral region of spdh metacar-
pals (Fig. 8B). Altogether this is in line with the metacarpal-to-
carpal transformation and the acquirement of a joint-like identity
by spdh perichondral cells (Villavicencio-Lorini et al., 2010). The
upregulation of β-CATENIN signaling in the perichondrium of spdh
mice also is in agreement with the observed downregulation of
Wnt5a.
Partial rescue of perichondrium in Hoxd13spdh/spdh mice by exogenous
HOXD13 or WNT5A
Our results indicate that HOXD13 expression in mesenchyme
surrounding the metacarpal condensation and its perichondrium
is necessary for perichondral cell speciﬁcation concomitant with
their polarization. This presumably can be achieved by cell-
autonomous effects by HOXD13 in perichondral precursors or via
the regulation of secreted factors such as WNT5A, which in turn
can act in a paracrine and/or autocrine fashion. To substantiate the
hypothesis that HOXD13 can regulate the polarity of adjacent cells
in a non-cell autonomous manner we performed a rescue experi-
ment using spdh limb explant cultures. For this purpose chicken
DF1 cells that had been transfected with RCAS(A) retroviruses
expressing HOXD13 were implanted into the interdigital mesench-
yme next to metacarpals at E13.5 or E14.5. In a parallel experiment
cells expressing WNT5A were implanted. Implantation of RCAS
(A)–GFP transfected cells was used as a control. For direct
visualization of the implants after incubation (i.e. to select for
successful implantation), DF1 cells were co-transfected with RCAS
(B) expressing GFP (examples shown in Fig. S4). The limb explants
were cultured for 3 or 4 days and analyzed. The explants were
sectioned and the localization of the cell implant was visualized by
antibody staining for a RCAS-speciﬁc surface antigen. Cell polarity
Fig. 6. Genetic interaction of the Hoxd13spdh and Wnt5anull alleles. Length of metacarpals (m2, m3, m4) at postnatal day 7 (p7) were used as readout; in each case the wild
type (WT) metacarpal length was set as 1. Wnt5aþ / metacarpals have normal or slightly increased length, Hoxd13þ /spdh metacarpals show a signiﬁcant shortening. Double-
heterozygotes (Wnt5aþ /; Hoxd13þ /spdh) show a small but signiﬁcant increase in shortening indicating genetic interaction. For each genotype, ﬁve animals were analyzed.
Error bars represent SEM. nn: po0.005; nnn: po0.001. Representative images of skeletal preparations are shown below.
P. Kuss et al. / Developmental Biology 385 (2014) 83–93 89
in the vicinity of the implant was analyzed on the same sections;
in-situ hybridization was performed on adjacent sections. We ﬁrst
analyzed the effect of cell implants on putative perichondral cell
shape in spdh mutants. Implanting GFP-expressing control cells
did not change the morphology of wt presumptive perichondral
cells nor did it rescue the appearance of the unpolarized cell layers
surrounding the cartilaginous condensations in spdh mutants. In
contrast, implantation of HOXD13 or WNT5A expressing cells
induced the formation of ﬂattened cell morphology in the peri-
chondral region of spdh metacarpals (Fig. 9A and B). Next we
analyzed whether HOXD13 might be able to non-cell autono-
mously induce perichondrium-speciﬁc gene expression in adja-
cent cells. Wild type perichondral cells express several marker
genes, amongst them Crabp1 and Tsp (Fig. 9C, upper panel). As
shown previously, in spdh mice cells adjacent to metacarpal
condensations do not express these markers (Fig. 9C middle
panel). Implantation of HOXD13-expressing DF1 cells between
spdh metacarpal condensations induced the expression of peri-
chondral markers Crabp1 and Tsp in their vicinity (Fig. 9C).
Discussion
The skeletal elements of the limb are laid down in diverse
shapes; however most of them are longitudinal while only the
carpal bones are cuboidal. Carpal bones do not form a growth
plate, undergo secondary ossiﬁcation and do not have cortical
bone. Instead, they are surrounded by a joint surface. Our previous
studies have indicated a phenotypic switch of metacarpal long-
itudinal bones to carpal like elements in Hoxd13-mutant spdh
animals and SPD patients (Villavicencio-Lorini et al., 2010). Impor-
tantly, this phenotype does not occur in Hoxd13 null mice (Dolle
et al., 1993), which is explained by a dominant-negative effect of
the SPD/spdh HOXD13 protein leading to a combined inactivation
of autopod-expressed poly-alanine containing HOX proteins
(Bruneau et al., 2001; Villavicencio-Lorini et al., 2010). Hoxd11-13
and Hoxa13 have well-established roles in autopod patterning (see
e.g. Delpretti et al., 2012; Sheth et al., 2012; Spitz, 2010; Tschopp
and Duboule, 2011; Zakany and Duboule, 2007). However, our
knowledge about the actual translation of patterning information
into locally controlled differentiation and morphogenesis is lim-
ited. Recently, a key role in this process has been attributed to cell
polarity regulated by non-canonical WNT pathways (Gao et al.,
2011). We here propose that Hox genes are involved in the
regulation of cell polarity during the formation of cartilage
elements, thereby inﬂuencing the condensation's shape.
Hox genes apparently have several roles in this process. First,
the concerted action of the autopod-expressed Hox genes is
required for the formation of a bona-ﬁde perichondrium. Second,
these Hox genes are involved in the regulation of polarity in the
cartilaginous growth plate. This process is a key event in chon-
drogenesis, as it is a prerequisite for the formation of columnar
chondrocytes, and thus shapes the skeletal element giving it its
longitudinal appearance. Our results indicate a model where the
distinction between a cuboidal and longitudinal skeletal element
is determined by at least 2 factors: the formation of a perichon-
drium that supports and initiates the formation of cortical bone
but also restricts lateral growth, and the implementation of
cellular polarization in the growth plate along the longitudinal
axis of the skeletal element. If no functional perichondrium is
present, as it is the case in carpal bones and spdh metacarpals, a
joint surface is formed and the characteristic polarization of
chondrocytes is absent. Polarization results in directed growth
along the longitudinal axis, whereas unpolarized cells grow as
spheres. Thus, the perichondrium and its signaling capacity may
be a main determinant conferring the ability of a growth plate to
perform growth in the longitudinal direction as opposed to
spherical growth. A role for Hoxd13 and Wnt5a in this process is
supported by the very low Hoxd13 or Wnt5a expression in the
carpal region (see Figs. 4A and 5A). It was proposed before that the
developing wrist region (the mesopodium) develops from a region
excluded from Hoxd gene expression and therefore presumably
exhibits an overall lower HOX protein content (Woltering and
Duboule, 2010 and references therein). Recently Andrey et al.
(2013) have shown that this is due to a regulatory switch between
different domains of the Hoxd cluster enabling this separation, and
thus allowing for the emergence of an articulation between
zeugopod and autopod. Thus we propose that in spdh metacarpals,
where the combined function of Hox genes/proteins is impaired
Fig. 7. Defective PCP signaling in spdh metacarpal chondrocytes. Localization of the
core PCP components Disheveled-2 (DVL2) (A) and PRICKLE1 (B) in metacarpals of
E14.5 wt and spdh mice. Note lateral distribution of DVL2 and PRICKLE1 proteins
(arrows) in wt proliferative chondrocytes in contrast to a more randomized
distribution in spdh chondrocytes. The longitudinal axis of the growth plate is
indicated by a double-headed arrow in magniﬁcations. In the wt perichondrium
(pc) PRICKLE1 is distributed to apical and basal parts of perichondral cells while in
spdh mice PRICKLE1 shows random distribution. Note lower PRICKLE1 staining
intensity in the spdh perichondrium.
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(Bruneau et al., 2001; Villavicencio-Lorini et al., 2010), the meta-
carpal region is shifted from its original autopod domain with the
result that metacarpals develop as wrist-like elements.
Metacarpal condensations of Wnt5a/ mice exhibited a
phenotype that in part overlapped with features seen in spdh
mice. Several lines of evidence indicate involvement of autopod
HOX proteins in Wnt5a regulation. First, Wnt5a is downregulated
in spdh mutants (Fig. 5A, C), second, HOXD13 induces Wnt5a
expression in vitro (Fig. 5D). Third, Hoxd13 and Wnt5a expression
domains partially overlap, speciﬁcally in the perichondral region
of metacarpals, where extracellular WNT5A protein was detected
surrounding HOXD13 positive cells (Fig. 4A and B). In line with this
it has previously been shown that HOXA13, the function of which
is also affected in spdh animals, controls Wnt5a expression in the
mouse (Rinn et al., 2008) providing further indication for a
possible regulation of Wnt5a expression by autopod-expressed
HOX transcription factors. However at this point we cannot
conclude whether this regulation is direct or indirect.
Concomitant with the downregulation of Wnt5a we ﬁnd a
defect in the expression level (in the perichondrium) and the
intracellular distribution (perichondrium and growth plate) of key
PCP components. This further strengthens the hypothesis that a
PCP-driven convergent extension like mechanism is involved in
polarization and arrangement of chondrocytes, as other studies
have suggested (Ahrens et al., 2009, 2012; Gao et al., 2011; Li and
Dudley, 2009). Moreover this pathway appears to be active in
perichondral cells as well.
The defect in Wnt5a expression observed in the spdh mice was
speciﬁc for the developing metacarpals, however Wnt5a appears
to have similar functions in other parts of the skeleton since
Wnt5a / animals, contrary to spdh, exhibit a polarity defect also
in zeugopod and stylopod elements (Yang et al., 2003 and data not
shown).
The activity of HOXD13 in this respect appears to apply
speciﬁcally to the forming metacarpal elements of the autopod.
Why is the loss of Wnt5a expression in spdh mutants restricted to
the metacarpal region? In chicken micromass cultures and limb
buds, recombinant FGF enhanced Wnt5a expression (Chimal-
Monroy et al., 2002), and a recent report indicated that MEK1/2
(which are downstream components of the FGF pathway) posi-
tively regulate the Wnt5a promoter (Katula et al., 2012). Therefore
it is conceivable that distal expression ofWnt5a is under control of
e.g. FGF signals from the apical ectodermal ridge (AER). Conver-
sely, in more proximal regions (i.e. where cells have left the
inﬂuence sphere of the AER) mesenchymal HOX proteins may
take over the regulation. This might also explain why the phalan-
geal condensations, albeit clearly malformed, do not grow as
spherical elements in spdh mice, since those condensations might
experience an appropriate dosage of WNT5A expression during
their condensation phase. This might also be an explanation why
spdh limb buds are not expanded along the dorso–ventral axis, as
are Wnt5a / limb buds. It has been shown that morphogenesis
of the early limb bud is controlled via cell rearrangements by the
interaction of AER/FGF and WNT5A signaling (Gros et al., 2010;
Wyngaarden et al., 2010), a process that is likely not to be affected
by the localized expression defect observed here.
We found that besides Wnt5a also expression of the closely
relatedWnt5b gene was affected. WNT5A and WNT5B both belong
to the group of “non-canonical” Wnt ligands (Kikuchi et al., 2012),
which means that they predominantly do not signal via the
β-CATENIN pathway, but via alternative pathways. In the course
of growth plate chondrocyte differentiation, WNT5A and WNT5B
Fig. 8. Misregulation of WNT/β-CATENIN signaling in spdh metacarpals. (A) LacZ staining on cryosections of wt or spdh E14.5 embryos heterozygous for the Axin2::LacZ
reporter; magniﬁcations of boxed areas below. LacZ staining shows a strong signal in lateral hypertrophic regions and cortical osteoblasts in the wt. In spdh mice this staining
is absent in line with the failure of hypertrophic differentiation and osteoblast formation. Perichondral cells are devoid of LacZ staining in the wt, which is only visible in joint
areas. In spdh mice intensiﬁed LacZ staining in cells adjacent to the cartilage surrounding the complete anlage can be seen in a fashion resembling wt carpals (see insert
right). (B) Immunolabeling for β-CATENIN on parafﬁn sections of E14.5 metacarpals, counterstaining with DAPI. In spdh metacarpals a stronger β-CATENIN signal is seen in
the interdigital mesenchyme in line with Axin2::LacZ staining.
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were shown to have opposing functions (Yang et al., 2003),
however in vitro experiments suggest that both have overlapping
functions with respect to cartilage cell polarity (Bradley and Drissi,
2011; Randall et al., 2012). It is therefore possible that WNT5A and
WNT5B cooperate in induction of cartilage cell polarity.
The WNT/β-CATENIN pathway is a central regulator of joint
formation and pathway activity is high in joint cells (Guo et al.,
2004; Hill et al., 2005). We observed such a pattern of β-CATENIN
pathway activity in cells surrounding carpal bones, as well as cells
surrounding the spdh but not the wt metacarpal condensations
substantiating the metacarpal-to-carpal conversion proposed
before (Villavicencio-Lorini et al., 2010).
Conclusion
A role for Hox genes in local morphogenesis
Hox genes are continuously expressed in autopod mesenchyme
after the digit patterning phase and we previously showed that
HOXD13 is required here for the repression of interdigital chon-
drogenesis (Kuss et al., 2009). This study puts forward the idea
that 5′ Hox genes are also involved in local morphogenesis of
skeletal elements by the establishment of the perichondrium,
which in concert with the arrangement of columnar chondrocytes
in the growth plate shapes longitudinal skeletal elements and
discerns them from cuboidal/spherical bones. A failure of this
coordinative effort in spdh mice leads to (i) a defective perichon-
drium with ﬁnally a joint-like appearance (including upregulated
β-CATENIN signaling) and (ii) a lack of the polarized growth plate
architecture resulting in spherical growth.
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